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Lithium fine tunes lipid membranes
through phospholipid binding

Louis Bunel?, Vladimir Adrien3, Jeff Coleman*®, Paul Heo® & Frédéric Pincet*"™”

Lithium is commonly prescribed for bipolar disorder due to its proven efficacy on patients. Despite
this effectiveness, the molecular mechanisms underlying its action remain poorly understood, as it
appears to influence numerous unrelated pathways. We propose that these diverse effects may stem
from a specific physicochemical event: the binding of lithium cations to phospholipid headgroups.

In model membrane systems enabling direct observation of the lithium effects on lipid bilayers, we
reveal that lithium binding stiffens the membrane, subsequently altering membrane protein activities.
This mechanical impact of lithium links existing rationales, drawing a way to decipher the complex
lithium effect in bipolar disorder (BD). To illustrate this global effect of lithium, we use the example of
intracellular trafficking, a ubiquitous mechanism involving membrane reorganization in all organelles.

Bipolar disorder (BD) is characterized by alternating manic and depressive episodes. During manic phases,
patients are euphoric, hyperactive, exhibit racing thoughts and impulsive behavior leading to putting themselves
at risk. While in depressive episodes, patients are sad, lack energy and feel a deep sense of hopelessness, possibly
experiencing suicidal thoughts. Lithium treatment has been effectively used for decades to treat or prevent the
onset of mania or depression. In search of a specific target of lithium, several apparently unrelated downstream
effects have been clearly identified. Notably, lithium appears to alter dopamine release!?, alter the activity of
voltage-gated sodium channels?, increases the expression of Na+/K+ ATPase* %, affect G protein-coupled receptor
(GPCR) activity’, modify lipid metabolism®®® and inhibit inositol monophosphatase (IMPase)>'%!!, which is
involved in the phosphatidylinositol metabolism. Additionally, many studies have focused on the inhibition of
glycogen synthase kinase 3 (GSK3)!2"15, a highly-regulated kinase involved in numerous intracellular pathways.
Inhibition of GSK3 by lithium has been shown to attenuate manic and depressive episodes'®~18. However, GSK3
affinity for lithium is weaker than the therapeutic lithium concentration in the cell, which is around 1 mM,
mitigating its contribution as the main target of lithium!>*. More recently, transcriptomic approaches, aimed
at providing a more global understanding of BD have revealed abnormal expression of hundreds of genes in BD
phenotype cells?!~23. In Li-responsive cells, the expression of several hundred genes is altered following lithium
uptake, part of them being membrane channels, exocytosis machinery, lipid metabolism related enzymes and
signaling pathway proteins®*. Due to this systemic rather than specific effect, the precise biochemical mechanisms
underlying its action remain unclear. These observations suggest a broader, more global effect of lithium on the
cell20:25:26

In parallel with these biomedical observations, it has been suggested that lithium, along with other cations,
affects lipid bilayer properties?’. Lithium has been shown to interact with phospholipid headgroups with higher
affinity than other physiological cations, except for calcium?®-32. This high affinity is not only the consequence
of the high surface charge density of lithium, but also reflects the ability of lithium to transiently coordinate to
lipid headgroups®*34. Cations coordination occurs primarily through interactions with oxygen in phosphate
groups and ester moieties, and can be strengthened by chelation with electron donating moieties of other
headgroups, like serine*. Cation coordination induces a thickening of the membrane, an increase of lipid
melting temperature and packing as well as a reduction of lipid diffusivity’’~>. Lipid-cation interactions have
mechanical consequences on the overall membrane properties, rigidifying its core and modifying surface
hydration, hydrophobicity and charge densities**-**.

Rigidification of the membrane would impair processes requiring important local topological changes,
such as membrane fusion or fission, where reaction pathways involve deformation of the lipidic tissue on a
nanometer scale*’. Furthermore, alterations in membrane properties can lead to important changes for
membrane-integral proteins, affecting their spatial distributions, activities and equilibrium conformations®.
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However, demonstrating such mechanisms for lithium has remained challenging as it requires decoupling the
contribution of the putative lithium-protein interactions from that of lithium-membrane interactions. Previous
works examining the effect of lithium on membrane-associated proteins, both in vivo or in vitro, have struggled
to decorrelate these contributions*®7.

To circumvent such limitations, we employ an approach that allows us to measure the consequences of lipid-
lithium interactions on the lipid bilayer. We then study membrane protein-mediated events by placing proteins
in a lithium-free environment while maintaining the membrane/lithium interaction. First, we demonstrate that
lithium stiffens lipid bilayers even at therapeutic concentrations. Second, we show that membrane remodeling,
like membrane fusion, becomes energetically costlier due to lithium. Third, using membrane bilayer fusion
mediated by SNARE:s (soluble N-ethylmaleimide—sensitive factor attachment protein receptor) as a case study,
we demonstrate that lithium impairs SNARE-mediated membrane fusion without interfering with the SNARE
protein activity. SNARE-mediated membrane fusion is a ubiquitous mechanism involved in vesicular trafficking
and cell-cell communication?®, thus constituting a generic example for the lithium global effect.

Results

Lithium increases membrane stretching modulus

To test the proposition that lithium binding to phospholipids stiffens membranes, we adopt a giant unilamellar
vesicles (GUVs)-manipulation technique as a means to measure membrane bilayer stretching modulus®. The
GUVs were formed in sucrose by electroformation and manipulated with micropipettes (see Materials and
Methods). As GUVs were formed in sucrose solution, the GUVs inner leaflet was exposed to sucrose and the
outer leaflet was exposed to a buffer of controlled composition. The GUV's were maintained at the tip of the
micropipette by hydrostatic aspiration (Fig. 1A top panel). Upon increasing the aspiration, the extension of the
GUV protruding inside the micropipette was extended (Fig. 1A lower panel). This elongation results from the
stretching of the membrane and, as a direct consequence, induces an increased membrane tension of the GUV.
Hence, the stretching ability of the membrane under tension can be quantitatively measured by performing
cycles of increasing and decreasing aspiration (Fig. 1B). The relative variation in the membrane surface area is
related to the change in surface tension through a proportionality coefficient, the stretching modulus, which
is a quantitative measure of the membrane stiffness. We measured this stiffness across an increasing lithium
concentration, from 0 mM LiCl (lithium chloride) to 150 mM LiCl, thus changing the lithium concentration
for the GUVs outer leaflet. In order to maintain the osmolarity equilibrium between the two sides of the GUVs,
the buffer was supplemented with KCl to ensure a fixed monovalent salt total concentration of 150 mM, thereby
balancing the 200 mM sucrose inside the vesicle.

By increasing the lithium concentration, the stretching modulus increases as well (as represented on Fig. 1C).
A lithium concentration of 1.5 mM, which is within the therapeutic millimolar range, was suflicient to increase
membrane stiffness by 23%, compared to the control 150 mM KCl reference; further increasing the lithium
concentration shows that the stiffness does not significantly increase after 15 mM LiCl (Fig. 1D). To illustrate
the impact of lithium on the membrane stretching modulus, one can compare its variations with lithium
concentration to those observed with increasing cholesterol concentration. Needham and Nunn conducted
detailed measurements of the stretching modulus of SOPC/cholesterol bilayers at different molar fractions,
ranging from 0 to 58%’. At a lithium concentration of 1.5 mM, the membrane stretching modulus increases by
23%, which corresponds to a cholesterol molar fraction of approximately 25% in the experiments by Needham
and Nunn. This suggests that the presence of lithium in the bilayer environment induces changes comparable
to a significant alteration in the membrane lipid composition. Notably, the observed stiffening is not associated
with a significant change in lipid diffusivity (see Supplementary text, Fig. S4 and Table S1).

The increase of stretching modulus indicates that separating phospholipids from one another becomes
energetically more costly as lithium concentration increases. Considering the lithium-mediated lipid bridging
effect (i.e., lipid-lithium-lipid) observed in previous molecular dynamics studies*’, we interpret the membrane
stiffening as a direct consequence of the lipid bridging by lithium (Fig. 1E). Since stiffening occurs at low-
millimolar lithium concentrations, this interpretation is consistent with the previously reported millimolar
range affinity between phospholipids and lithium®!.

Interestingly, the stretching modulus measurement on GUVs implies an asymmetry between the two leaflets,
as the inside of the GUVs is exposed to sucrose while the outside is exposed to the monovalent salt buffer.
Consequently, only one leaflet is in direct contact with lithium. This appears to be sufficient to affect membrane
bilayer properties, suggesting that lithium can exert effects on plasma membrane or organelles even without
entering them.

Membrane fusion energy barrier increases with lithium

The stiffening effect of lithium on membranes through lipid bridging suggests that the elementary unit of the
lipid bilayer may now be a cluster of transiently-bound lipids. The energetic cost to rearrange such a unit might
be higher than for individual lipids, making membrane topological changes more challenging. To validate this
hypothesis of increased energy for membrane remodeling, we measured the energy barrier changes during the
membrane fusion process at different lithium concentrations. During membrane fusion, a pore needs to open
between two apposed membranes, necessitating significant topological changes, including the formation of
regions with high local curvature. Deforming membranes on the path to fusion pore opening becomes more
difficult as membrane stiffness increases, consequently the total energy required for fusion to occur should
increase as well. In order to test experimentally whether lithium increases the main energy barrier for fusion,
we employed a well-established lipid mixing assay®? to measure the activation energy for the spontaneous
fusion of small unilamellar vesicles (SUVs) with and without lithium (Fig. 2A). Nitro-2-1,3-benzoxadiazol-
4-yl-phosphatidylethanolamine (NBD-PE) and rhodamine-PE lipids were incorporated in a first set of SUV's
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Fig. 1. Stretching modulus measurements using micropipette aspiration. (A) GUVs formed by
electroformation are aspirated in a micropipette. From top to bottom panels, the aspiration of the micropipette
increases. The GUV deformed upon aspiration, as can be seen by comparing the membrane elongation
inside the micropipette between the top panel and the lower one. (B) Curves of membrane tension in pN/m
depending on membrane surface extension a. The slope at high tension corresponds to the stretching
modulus of the membrane. To accurately measure the stretching modulus, two aspiration increase and an
aspiration decrease ramps were sequentially performed on each GUV to ensure that no hysteresis affects the
measurements. (C) Plot of stretching modulus in mN/m depending on the lithium concentration in mM. As
lithium concentration increases, stretching modulus increases. Each point corresponds to the average of the
slope of N =15 aspiration increase ramps and error bars are standard errors on the mean (SEM). (D) Table
with the values of stretching modulus in mN/m with SEM (middle column) for each lithium concentration
tested. The column on the right presents the stretching modulus increase in percent taking as reference the
stretching modulus measured without lithium. (E) Scheme of the effect of lithium on stretching membrane
ability. Lithium links lipids together, increasing the stretching modulus of the membrane. Thus, for an identical
pulling force the deformation of the membrane is lower when lithium is present.
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Fig. 2. Spontaneous fusion energy barrier measurement at changing lithium concentration. (A) Two
populations of SUVs were prepared. First, a fluorescent population containing NBD-PE and Rhodamine-PE
labelled lipids. The other SUV population does not contain any fluorescent lipid. NBD-PE fluorescence is
quenched by the presence of Rhodamine-PE in the vicinity. When a fluorescent vesicle and a non-fluorescent
vesicle spontaneously fuse, the fluorescent lipids are diluted inducing a reduction of the quenching effect and
therefore an increase in NBD-PE fluorescence. Recording NBD-PE fluorescence over time gives access to

the fusion kinetics. (B) Vesicle fusion kinetics over time for vesicle in 150 mM potassium and no lithium at
different temperatures. As temperature increases, the initial slope for fusion increases. Fusion advancement

at each time point is measured by the average over a triplicate (n=3) and error bars are SEM. (C) Arrhenius
plot from spontaneous fusion kinetics depending on temperature. The slope of the fit in natural log-scale
corresponds to the apparent fusion energy barrier of fusion. Each point in the plot is the average of three fusion
slopes (n=3) at a defined temperature and error bars are SEM. (D) Table with activation energy barrier for
spontaneous fusion depending on lithium concentration. As lithium concentration increases, fusion activation
energy barrier increases. Each point is the average of three slopes of Arrhenius plots (N =3) and error bars are
SEM. In the right column is the fusion energy barrier increase associated for each concentration measured
taking as reference the activation energy barrier in absence of lithium.

(1.5 mol % each). At this surface concentration, rhodamine effectively quenches the NBD fluorescence. A
second set of SUVs contained no fluorescent lipids. These two types of SUVs were mixed at a 1:9 molar ratio
(fluorescent: non-fluorescent). When a fluorescent SUV fuses with a non-fluorescent SUV, NBD signal increases
due to the two-fold lipid dilution, which reduces NBD quenching by rhodamine (Fig. 2B). The initial slope of the
fusion kinetics, obtained by measuring NBD dequenching over time, increases with temperature according to
Arrhenius law. Fitting the reaction rate as a function of temperature allows for the determination of the apparent
fusion activation energy (Fig. 2C). We measured this fusion kinetics over the range of 27 °C to 47 °C for lithium
concentrations ranging from 0 to 15 mM, and found that adding lithium raises the activation energy barrier
by approximately 15% with 1.5 mM lithium (Fig. 2D). It demonstrates that membrane fusion is intrinsically
hindered by lithium. An increase of 4.5 kT at 1.5 mM lithium compared to the reference without lithium
correspond to a decrease of the reaction rate by approximately 80-fold. The fusion energy barrier starts reaching
a plateau at a lithium concentration of 7.5 mM, with an increase in the energy barrier of 10 k, T, corresponding
to a drop in the fusion rate by 22,000-fold. Now we can illustrate the effect of lithium on membrane fusion using
a concrete timescale: if a single membrane fusion event was occurring in one second, a 1.5 mM concentration of
lithium would require more than one minute, and at 7.5 mM lithium, fusion would take as long as 6 h.

SNAREs proteins do not compensate lithium effect on fusion.
Membrane fusion cannot spontaneously occur on physiologically relevant timescales. To meet the required
timescale in vivo, fusion is accelerated by fusion proteins such as SNAREs, as for the fusion of synaptic vesicles
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with the neuronal plasma membrane, which occurs on a millisecond timescale®>. SNAREpin complexes,
composed of a VSNARE (VAMP2) emanating from the synaptic vesicle and a tSNARE complex (SyntaxinlA and
SNAP25) from the neuronal target membrane, form coiled-coils that, upon zippering, force the membranes into
close apposition and induce their fusion (Fig. 3A). To determine whether the increased activation energy due to
the lithium-membrane interaction reduces the efficacy of SNARE-mediated membrane fusion, we investigated
the fusion of vesicles mediated by SNAREpins using a specific microfluidic device that mimics the physiological
lipid composition of a plasma membrane (Fig. 3B)***>. This device allows the formation of an asymmetric
suspended lipid bilayer functionalized by tSNAREs oriented in the same side of the bilayer. The two leaflets of the
bilayer are formed independently before fully zippering and are each exposed to aqueous solutions of controlled
compositions. One compartment is an intracellular mimic in which vesicular fusion occurs, with tSNAREs
directly facing SUVs bearing vSNAREs (vSUVs) in a potassium buffer. The other compartment is equivalent
to the extracellular side and its monolayer is exposed to an aqueous solution with controlled concentrations
of lithium. Due to the geometry of this device, SNAREs are spatially separated from lithium exposure, thereby
ensuring SNARE activity remains unaffected by the various lithium concentrations in the extracellular equivalent
side. Functionalizing vSUVs with hemolysin, one can record fusion pore opening by applying a constant voltage
across the suspended bilayer, recording fusion pore opening at single pore resolution (Supplementary Fig. S1).

In the intracellular mimic compartment, vSUVs are diffusing in solution until encountering cognate
tSNAREs and eventually docking to the suspended membrane. A vesicle, docked to the membrane by an
assembling SNAREpin complex, can either fuse to the suspended membrane through complete zippering or can
form additional SNAREpins by assembling available membrane tSNAREs with vSNAREs on the vesicle until
fusion occurs. As SNAREpin formation is the rate limiting step in spontaneous fusion mediated by SNAREs>,
the first observable events on suspended membranes are fusion events mediated by only one or two SNAREpins
(Supplementary Fig. S2). Such low SNAREpin numbers do not allow the fusion pore to expand after nucleation,
leading to transient pore opening followed by resealing of the pore®. SNAREpins provide energy upon
zippering, reducing the fusion energy barrier and thus lowering the characteristic time of vesicle fusion. This
reduction of the fusion energy barrier by SNAREpins ultimately leads to fusion pore nucleation on a shorter time
scale. Consequently, the transient fusion pore opening frequency is directly correlated with the fusion energy
barrier. Using our dedicated microfluidic device, we measured this opening frequency with various lithium
concentrations in the extracellular equivalent side. If lithium indeed increases the fusion energy barrier, it would
antagonistically act on fusion regarding SNAREpins leading to a decreased fusion frequency (Fig. 3C).

We performed experiments using the same lithium concentrations as for the stretching modulus experiments,
once again supplementing with KCI to reach 150 mM total concentration in monovalent salt. In order to mimic
neuronal plasma membrane composition and asymmetry, the membrane outer leaflet equivalent, exposed to
lithium in these experiments, was composed of DOPC, DOPS, DOPE, cholesterol and brain sphingomyelin
(20:5:15:40:20 molar percentages). The apposed leaflet, mimicking the intracellular leaflet was composed of
DOPC, DOPS, DOPE, Cholesterol and P(4,5)IP, (10:12:35:40:3 molar percentages) (Fig. 3B). By increasing
lithium concentration, we observe fusion frequency sharply decreases, demonstrated by plotting fusion frequency
against lithium concentration in logarithmic scale (Fig. 3D). At 1.5 mM lithium in the extracellular equivalent
side, transient fusion pore opening frequency decreased by 55% and at 150 mM lithium, the frequency decreases
by 85% (Fig. 3E). This demonstrates that the membrane energy barrier increase due to lithium is high enough
to disturb SNARESs activity without impairing their assembly processes. The membrane composition used here
reproduces the PS asymmetry characteristic in the plasma membrane. Thus, the outer leaflet contains only 5%
PS. Despite this low negatively charged lipid density at the surface of the outer leaflet, 1.5 mM concentration
of lithium is sufficient to drastically affect fusion efficiency. Moreover, this experiment outlines the fact that,
through its binding to a membrane monolayer, lithium can affect molecular events occurring on the apposed
monolayer (Fig. 3F).

Discussion

Lithium direct binding on lipid affects lipid bilayers properties

The first hints of alteration of the physico-chemical properties of membranes by lithium binding to lipids date
from the initial studies on melting temperature by Hauser and Shipley almost half a century ago®’. Subsequent
studies have investigated the molecular details of this interaction through the lens of a physico-chemical approach,
leading to a characterization of the lipid-lithium interactions lacking the connection to the mesoscopic scale of
the membrane. In this study, we demonstrate that lithium stiffens the lipid bilayer even at low concentrations,
affecting overall membrane reorganization and deformation processes. Using an uncatalyzed membrane fusion
assay, we showed that the fusion energy barrier increases by 4.5 kT at 1.5 mM lithium, corresponding to an 80-
fold reduction in reaction speed. This membrane stiffening and drastic slowdown in membrane reorganization
at therapeutic concentrations of lithium pave the way for another understanding of the mode of action of
lithium. Indeed, we demonstrate here, that the molecular scale of the lipid-lithium interaction intrinsically alters
membrane properties over a space scale ranging from a few nanometers for fusion to micrometers for membrane
deformability. Importantly, the modifications on membrane properties take place almost instantaneously. Thus,
the lithium mechanism of action described here is effective as soon as lithium is introduced into the media.

Lithium in cells

The experiments in this study illustrate the effects of lithium-lipid interactions on membranes exposed to an
asymmetric lithium distribution, thereby eliminating confounding influences from lithium-protein interactions.
However, in a biological context, lithium enters the cell and can directly bind to proteins, potentially interfering
with their function. The inability to separate the potential effects of lithium on proteins and lipids has hindered
a clear understanding of its therapeutic mechanisms across the various pathways explored in the literature. To
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assess the impact of lithium on SNARE-mediated fusion when lithium is present on both sides of the membrane,
we performed canonical bulk assays measuring lipid and content mixing at different lithium concentrations
(Supplementary Fig. S3). These experiments revealed that lithium impairs membrane fusion at concentrations
as low as 1.5 mM—an effect that, at first glance, could be attributed to direct modulation of SNARE activity.
However, our microfluidic setup allowed us to experimentally decouple the effects of lithium from SNARE
activity, demonstrating that membrane fusion is primarily impaired through the direct interaction of lithium
with lipids. More broadly, this type of experimental decoupling strategy can be used to disentangle the respective
contributions of protein- and lipid-mediated effects in the therapeutic action of lithium across various cellular
pathways.

In this study we simplified SNARE-mediated fusion by reproducing it in vitro. As a result, the experimental
conditions may not fully capture emergent mechanisms present in more complex systems, particularly
competitive interactions. In a cellular environment, lithium binding to lipid headgroups could be influenced by
competition with other cations. The most abundant cations in the cell are potassium (K*, ~ 100 mM), magnesium
(Mg*,~10-20 mM), and calcium (Ca®*). Among these, only calcium has been shown to exhibit significant
affinity for lipid headgroups 31343640, ag it can coordinate with up to four lipid molecules, displaying a binding
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«Fig. 3. Lithium effect on SNARE-mediated vesicular fusion on suspended membrane. (A) SNARE
proteins are the vSNARE, VAMP2, with a single helical domain, located on the vesicle (green) and the
tSNARE, a preassembled Sytaxinl A/SNAP25 dimer with a three helices bundle, located on the target
membrane (red, yellow and grey). Upon encountering, vSNARE and tSNARE hybridize in a four-helix
coil-coiled called a SNAREpin (second panel). The SNAREpin provides energy upon zippering, facilitating
fusion pore nucleation (third panel). In the case of fusion mediated by a low SNAREpin number, the
fusion pore is transient and reseals after opening (fourth panel). (B) Scheme of the suspended membrane
experimental conditions. On the left, the leaflet compositions for the intracellular equivalent, composed
of DOPC:DOPS:DOPE:Cholesterol:P(4,5)IP, (10:12:35:40:3 mol:mol) and the extracellular equivalent,
composed of DOPC:DOPS:DOPE:Cholesterol:Sphingomyelin (SM) (20:5:15:40:20 mol:mol). For all
experiments, the intracellular equivalent side contain 150 mM KCl while the extracellular equivalent side is
composed of a solution with 150 mM of monovalent chloride salt (MCI) with varying amounts of lithium
and potassium. On the right, a scheme of the of the experiment with two compartments: an intracellular one
(top) and an extracellular one (bottom), separated by the asymmetric suspended membrane. The intracellular
compartment contains vesicles functionalized with vSNARE:s to perform fusion and a-hemolysin necessary
for current measurements. The suspended membrane is functionalized with tSNARE:s facing the intracellular
compartment. Hence, SNAREpin assembly and fusion occurs in intracellular compartment which contains
potassium buffer. The extracellular equivalent side contains buffer of variable lithium concentrations. Thus,
lithium interacts with the extracellular leaflet but not with SNAREs. (C) Scheme of the energetic reaction
profile for fusion without any SNAREpin is plotted in grey and displays a fusion energy barrier AE °. Upon
the action of a SNAREpin, the fusion barrier is lowered by AAEalsNAREPi“ (orange). In contrast, in the presence
of lithium, the fusion energy barrier is increased by AAE 1™ (blue). (D) Experimental measurements
of transient fusion frequency (in min™!) depending on lithium concentration (in mM) in the extracellular
equivalent side, plot in logarithmic scale. As lithium concentration increases, fusion frequency decreases with
a sharp transition in the millimolar range. (E) Table with the values of fusion frequency in min™! with SD
(middle column) for each lithium concentration tested. The column on the right presents the fusion frequency
efficiency in percent taking as reference the fusion frequency measured without lithium. (F) In presence of
lithium in the extracellular equivalent side, the transition from a docked state to a fused state is harder. Lithium
is represented by the red sphere binding to the lipid bilayer.

behavior similar to that of lithium. However, given its low and tightly regulated intracellular concentration (~
0.1 uM), calcium is unlikely to act as a strong competitor for lithium binding.

Lithium as a drug

We hypothesize that rapid lithium binding to membrane bilayers constitutes the primary mechanism of the
therapeutic mechanism of lithium, changing lipid bilayer properties and consequently membrane protein
activity. This primary mechanism would take place without any change in lipid and membrane protein content,
as it appears directly upon lithium-lipid interactions. We demonstrate in the present work that this primary
mechanism is sufficient to greatly alter membrane processes like fusion. Upon modifying cell state through the
primary mechanism, lithium would induce longer timescale modification of the cell without interacting directly
with cellular pathways, building a bridge between lithium and the numerous apparently unrelated pathways
affected by this drug. Biologically, these pathways would perform metabolic adjustments !, changes in protein
expression profiles?~23 or modification of the lipid membranes composition®®. These alterations upon lithium
intake, observed in vivo, require a longer timescale to be effective and are not constant in time?*. We refer to these
indirect and longer timescale effects of lithium as secondary mechanisms of action. The primary and secondary
mechanisms might usually be experimentally indiscernible in cellulo when looking at a single timepoint.
Experimental procedures considering the kinetics aspect of these primary and secondary effects might help
to draw a more complete picture of lithium therapeutic effects on cells. Moreover, high-throughput analytical
methods like transcriptomic, lipidomic and metabolomic, applied at different timepoints along lithium exposure
would help get a systemic description of the therapeutic effects. Temporal observations of cells pave the way for
establishing causal links between the seemingly unrelated downstream effects of lithium.

Understanding the physiopathology of BD and the mode of action of lithium constitutes a great challenge.
Some global modifications of the cellular state could occur in BD and be corrected when a patient is treated with
lithium. Lithium perturbs membrane properties upon interacting with them. As lipid bilayers constitute the
fundamental support of many cell processes, define the cellular compartments and act as interfaces between the
cell and its environment, this non-specific interaction gives lithium the ability to globally affect the cell reaction
network, inducing longer timescale modifications of cell state by altering metabolism and gene expression. This
primary mechanism of lithium-membrane binding would constitute sort of a perturbation allowing a slower
transition from a pathological state of the cell (Fig. 4A) to a treated state of the cell (Fig. 4B). Challenging this
hypothesis will require to investigate the effect of lithium-lipid binding on diverse membrane processes. In the
Supplementary text, we propose cellular pathways and mechanisms of interest for future investigations.

Materials and methods

Stretching modulus measurements

GUVs were formed using the electroformation method on ITO plates®. Briefly, a stock solution of 1 mM lipid
in chloroform, containing 84% DOPC, 15% DOPS and 1% 18:1 Rhod-PE was generated. Then, 20 pL of this
stock solution was deposited and dried on ITO plates under vacuum for 1 h. Lipids were then rehydrated with
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Fig. 4. Tlustration of the lithium global effect of the cell through its direct binding to lipid bilayers. On the
left representation of the pathological state and on the right the Li-treated state without considering long-term
modifications of the cell. Lithium ions are represented by the red particles on the right panel. We point out
processes that could be affected by this direct binding. (1) Alteration of exocytosis efficiency by increase of
the fusion energy barrier. (2) Impairment of endocytosis because of the stiffening of the plasma membrane.
(3) Perturbation of membrane protein distribution because of thickening and stiffening of the lipid bilayers.
(4) Change of the integral membrane proteins conformational equilibrium because of the alteration of the
chemical environment of proteins. (5) Alteration of membrane-protein recognition and binding processes by
modification of the membrane surface physico-chemical properties. (6) Perturbation of organelles function by
binding of lithium to their membrane cytosolic leaflets. We take here example of mitochondria whose function
are altered in BD as well as its fission—fusion balance. (7) Modification of the vesicular trafficking along the
secretory pathway due to modification of membrane rearrangement, fusion or fission kinetics.

3 mL of 200 mM sucrose. GUV formation is performed at increasing voltage steps of 100 mV, 200 mV, 300 mV,
500 mV, 700 mV, 900 mV, 1200 mV at 10 Hz for 6 min each and then at 1400 mV at 4 Hz for at least 2 h. GUVs
were subsequently stored at 4 °C overnight before use.

Micromanipulation was used to measure stretching modulus. The Micropipette diameter was around
4 um. Prior to experiments, micropipettes were incubated for 30 min in 10% Bovine Serum Albumine (BSA)
solution to prevent GUV adhesion on micropipettes surface. Then, 1 mL of buffer containing various ratios of
potassium chloride and lithium chloride up to 150 mM final monovalent salt concentration in 25 mM HEPES,
pH 7.4 was introduced into a 35 mm glass bottom MatTek dish, previously coated with BSA. Additional 20 pL
of GUV solution were introduced into the solution 1 h before starting measurements in order for membranes
to equilibrate and settle down. During mechanical measurements, the buffer solution had a 10-20% higher
osmolarity than the buffer in the lumen to ensure the manipulated GUV extended inside the micropipette upon
aspiration.

Micropipette aspiration was performed using ThorLab LTS300 translation stage apparatus, with a reservoir
speed of 0.25 mm/s. Micromanipulations were performed using a MP-285 micromanipulator from Sutter
Instrument Company. Optical fluorescence imaging was done under a scanning confocal microscope Leica
Stellaris 8 with a 20 x air objective.

Elastic modulus was measured taking the slope of the curve upon plotting membrane tension ¥ depending
on membrane surface extension .

AP
1
4+ (dpip N dvles)

With X the membrane tension in N/m, AP being the pressure difference between the atmospherique pressure
and the applied pressure, dpip being micropipette diameter and d_; the diameter of the GUV.

=
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With the membrane surface extension a being the difference in apparent surface area upon aspiration normalized
by the initial vesicle area; AL is the difference in length of the GUV extension in the micropipette minus the
length of the extension at atmospheric pressure.

Fusion energy barrier measurements

Fusion energy barrier measurements were performed as described by Frangois-Martin et al.>2. In short, vesicles
were prepared by drying lipids (Avanti Research) previously dissolved in chloroform under a stream of nitrogen
in a glass vial. The lipid film is then put under vacuum for an hour and then resuspended in buffer to a total lipid
concentration of 18 mM. Buffer solutions were composed of 150 mM total monovalent chloride salt and 25 mM
Hepes, pH 7.4. Lithium concentrations of 0 mM, 1.5 mM, 7.5 mM and 15 mM were tested, the complementary
potassium chloride concentration necessary being supplemented to reach the monovalent salt concentration of
150 mM. Hydrated lipid film solutions were then frozen and thawed 10 times before being extruded 21 times
through a 50-nm polycarbonate filter (Avanti Research). Vesicle solutions were stored overnight at 4 °C under
nitrogen gas for stabilization of the membranes before the measurements. Nonfluorescent vesicles were composed
only of DOPC. Fluorescent vesicles were composed of DOPC, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (18 :1 Liss Rhod PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (18:1 NBD PE) in a molar ratio of 97:1.5:1.5.

Vesicle fusion was measured by monitoring the lipid mixing between fluorescent and nonfluorescent vesicles
mixed at a ratio 1:7 with a final volume of 56 pL. Fluorescence was monitored at 538 nm with an excitation
wavelength of 460 nm using a transparent 96-well plate with a SpectraMax Mb5e plate reader. Fluorescence
measurements were taken from the bottom, since the plate was covered with a lid to minimize evaporation. After
measuring fluorescence dequenching kinetics, the maximum fluorescence intensity was obtained by adding 50
uL of Triton X-100 at 4% (vol/vol). The fusion dequenching curves were obtained for each lithium concentration
conditions at 27 °C, 32 °C, 37 °C, 42 °C and 47 °C in order to obtain Arrhenius plots.

SUVsformed using this protocol are predominantly unilamellar as confirmed by TEM imaging®2. Multilamellar
vesicles (MLV) would bias, fusion efficiency quantification by lowering the apparent SUV concentrations. Since
the inner layers of MLV's are not accessible for fusion with other vesicles but would contribute to the fluorescence
maximum intensity used to determine fusion efficiency. Such multilamellarity could lead to an underestimation
of fusion efficiency. This effect would complicate the measurement of the fusion energy barrier, although it
would not affect the overall conclusions of the present study.

For the analysis, the same method as described in Francois-Martin et al.>2 was used. Correction factors
determined for NBD maximal fluorescence intensity, whose quantum yield changes depending on temperature
and the presence of detergent, were used in order to obtain a precise measure of E . The control curve was
subtracted from the sample curve and normalized using the corrected maximal fluorescence intensity.
Dequenching curves were then converted to equivalent completed fusion cycles using the calibration curves
measured in Francois-Martin et al.>? that link NBD dequenching to different NBD dilutions. The fusion speed
in cycles of fusion per minute is measured fitting the initial slope of the converted curve. Plotting the variation
of the fusion speed with 1/k,T gives an Arrhenius plot for which activation energy can be extracted taking the
slope of the linear fit (Fig. 2C).

Suspended membrane experiment preparation

A detailed protocol for microfluidic chip fabrication can be found in Heo et al.>®. In short, two molds providing the
top and bottom channel of the microfluidic device connected by a cylindrical conduit with a diameter of 100 pm
were printed using a Titan2 HR Kudo3D 3D-printer. After assembling the two molds, polydimethylsiloxane
(PDMS) was poured and cured at 72 °C for 1 h. Subsequently PDMS was detached from the mold and rinsed
in acetone and isopropanol and cured again overnight at 72 °C. The top channel was then sealed with a PDMS
slab pierced with an inlet and an outlet to complete the top channel. Another PDMS piece was attached to one
side of the bottom channel and punched at 0.5 mm to obtain a bottom channel inlet. The opposite side of the
bottom channel was punched as well to form the bottom channel outlet. After these steps, PDMS parts of the
microfluidic chip were completed and subsequently bound to a clean glass coverslip using a plasma cleaner. After
total assembly, the chip was incubated at 72 °C overnight in an oven.

The SNAREs were purified following previously described protocols®, leading to the purification of tSNAREs
composed of preassembled SyntaxinlA and SNAP25 and the purification of vSNARE corresponding to VAMP2
protein. Alpha-hemolysin was purchased from Sigma Aldritch (Cat. H9395). ProteoSUV's containing tSNAREs
or vSNAREs and alpha-hemolysin were formed using a comicellization protocol®.. In brief, tSUVs were formed
by first drying a lipid flim composed of DOPC:DOPS:DOPE:Cholesterol (10:10:35:45 mol/mol), then tSNARE
(in 400:1 lipid to protein ratio) and potassium buffer (150 mM KCl, 25 mM Hepes, pH 7.4) were poured on
the film, keeping a 1% octyl-p-d-glucopyranoside (OG) concentration. The mix was vortexed for 1 h to ensure
complete hydration of the film. Afterwards, the solution was diluted two times with potassium buffer to pass
below the OG critical micellar concentration. The final lipid concentration was 1 mM. The solution was then
dialyzed overnight with SM2 bio-bead (BioRad) to remove OG. The tSUVs formed were then purified using
a density gradient medium (OptiPrep, Cat. D1556, Sigma Aldrich) along with ultracentrifugation. The same
procedure was used to make vSUVs containing vSNARE and alpha-hemolysin except lipid composition was
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DOPC:DOPS:Cholesterol: DOPE (40:10:25:25 mol/mol), vSNARE was in 200:1 lipid to protein ratio and alpha-
hemolysin was in 400:1 lipid to protein ratio.

In order to form the extracellular equivalent leaflet, lipid film  containing
DOPC:DOPS:DOPE:Cholesterol:Sphingomyelin (20:5:15:40:20 mol/mol) was hydrated with buffer of 150 mM
monovalent chloride salt concentration, 25 mM Hepes, pH 7.4. Buffers contained changing concentration of
LiCl (0 mM, 1.5 mM, 15 mM, 150 mM) completed to total 150 mM monovalent salt concentration using KCL
Lipid final concentration in solution being 5 mM. The lipid solution was then sonicated for 10 min with cylces
of 5 s pulse/5 s pause. The intracellular equivalent leaflet was formed using the same procedure with lipid film
containing DOPC:DOPS:DOPE:Cholesterol:P(4,5)IP, (10:12:35:40:3 mol/mol). Lipid film was hydrated with
potassium buffer to 5 mM final lipid concentration.

Suspended membrane formation

Using CETONI Nemesys low pressure syringe pump, 12 pL of vSUVs solution was loaded in 1 mL Injekt-F
syringe. The same was done in other syringes with 3 uL of extracellular equivalent leaflet solution and 3 uL
of a mix intracellular equivalent leaflet: tSUVs solution (80:20%vol), this mix gave a final lipid:tSNARE ratio
of 8000:1 on the suspended membrane. Then, the microfluidic chip was filled with squalene and intracellular
leaflet mimicking solution (resp. extracellular leaflet mimicking solution) was injected into the top channel
(resp. bottom channel) of the chip. At this step, squalene is flushed out of the chip except for the conduit
connecting the top and bottom channels, forming water/squalene interfaces at the edges of the chimney. Lipid
monolayers formed at each interface. Over time, PDMS continuously absorbed squalene, progressively bringing
the two leaflets together until complete zippering of the two monolayers. Membrane formation was observed
using a spinning disc confocal microscope Nikon Eclipse Ti and a Heka patch clamp EPC10 patch amplifier to
record capacitance. During zippering, capacitance jump step was observed and kept increasing smoothly until
membrane zipped to the rim of the chimney. Once membrane zippering was completed, vSUVs were injected
into the top channel at 5 nl/s. Membrane voltage was clamped to 80 mV and the current was recorded at 100 kHz
in cycle of 5 s measurements with 0.5 s pause between each.

Current trace analysis

In order to detect transient fusion pore nucleation, two separate procedures were used: a rolling average over
10 points and a filtering by removing frequencies around 50 Hz (standard frequencies of alternating current
in Europe) were performed. Once the two transformed current traces sets were obtained, sequences for which
current was higher than 1 pA for 2 ms or higher than 0.3 pA for 5 ms were automatically detected by a homemade
MatLab script. After this automated detection step, we manually analyzed the detected fusion events to verify
they actually correspond to fusion pores and not small electric glitches that can occur and are characterized by
positive currents flanked by unrealistic negative currents. Note that once full fusion of a vesicle occurred, we
stopped analysis of the experiment as noise level increased after this kind of event. Upon full fusion, the fusion
pore expand till the vesicle becomes completely integrated to the membrane. This cause the alpha-hemolysin to
be permanently inserted in the suspended bilayer increasing the baseline current due to the ions going through
alpha-hemolysin pores. From the identified transient fusion events we then computed the fusion frequency for
each lithium conditions.

Data availability

Data is provided within the manuscript or supplementary information files.
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